Purpose: A population-based cohort from three state newborn screening programs was used to describe ␤-globin gene cluster variation. Methods: Blood spots from newborns homozygous for HbS were genotyped for five restriction fragment length polymorphisms (RFLPs) to construct ␤-globin haplotypes. Haplotype distributions were compared by race/ethnicity and sex. Expected heterozygosities were calculated and compared with observed heterozygosities. Results: Haplotype distributions did not differ between sexes for either blacks or Hispanics.
Sickle cell disease refers to a group of autosomal recessive hemoglobinopathies involving the ␤-globin gene cluster on chromosome 11 that is manifested by the presence of sickle hemoglobin (HbS) in red blood cells. In the United States, sickle cell disease is one of the most common genetic disorders, with a carrier frequency of 1 in 14 blacks, and it causes considerable morbidity and mortality in the general population. [1] [2] [3] The most common form of sickle cell disease is often referred to as sickle cell anemia, which is the hemoglobinopathy caused by the inheritance of two copies of a single mutation in the ␤-globin gene: glutamic acid to valine in codon 6. With the advent of recombinant DNA technology, in addition to its clinical importance, the study of the HbS mutation within the ␤-globin gene cluster has contributed scientific knowledge to broader areas of population genetics. First, studies of the origin of the HbS mutation were important in understanding the mutational process in the human genome. Early studies of genetic variation within the ␤-globin gene cluster demonstrated that the HbS mutation was found on only a few haplotype backgrounds, suggesting multiple origins of the HbS mutation. 4 -7 These haplotype backgrounds are found where the HbS mutation presumably originated in human history: Benin (BEN), Cameroon (CAM), Central African Republic (CAR), Senegal (SEN), and Saudi Arabia (SAUDI). Alternatively, these multiple haplotype backgrounds with the HbS mutation may represent gene conversion events occurring in genetically isolated populations. 8 Archaeological and genetic data indicate that the HbS mutation is evolutionarily recent, with estimates that the mutation first occurred Ͻ3,000 to 10,000 years ago. 8, 9 Second, the ␤-globin gene cluster and the HbS mutation are important for understanding the selective forces that shape the distribution of genetic variation within and among human populations. While persons with homozygous HbS have lifethreatening complications, early observational studies have suggested that persons with sickle cell trait (heterozygous HbS) are protected from Plasmodium falciparum malaria. 10, 11 This protective factor makes the ␤-globin gene cluster an appropriate area to examine for the genetic signatures of natural selection and genetic drift within human populations. 8 Also, the recombination hot spot in the 3' region of the ␤-globin gene cluster makes this region of the genome important for studies of how human recombination impacts genetic variation. 12 Finally, the genetic variability and linkage disequilibrium around the ␤-globin gene cluster, coupled with the high prevalence of the HbS mutation in many areas of the world, make the ␤-globin gene cluster particularly useful for studies of human evolution. [13] [14] [15] [16] [17] [18] In addition to its contribution to population genetics, the study of the ␤-globin gene cluster has also proven valuable in the study of disorders that are modified by other genes. Although sickle cell anemia (HbS) is a single-gene disorder, clinical variability among those with the same genotype has been documented extensively. 19 Studies of the determinants for this clinical variability suggest that several trans-acting factors, such as coinheritance of ␣-thalassemia, may be involved. 20 Cisacting factors, including haplotype background, have also been implicated in determining clinical variability among persons homozygous for the HbS mutation. [21] [22] [23] While ␤-globin gene cluster variation has been characterized for more than 20 years in various populations, very little information has been gathered on the distribution of this variation in persons with homozygous HbS using a populationbased study design. Many population studies that characterize ␤-globin haplotypes in the United States were small and/or were drawn from a single state. 4,7,24 -29 Also, most population and clinical studies involving the ␤-globin gene in the United States describe adults ascertained in a clinic setting. This type of ascertainment can introduce biases in studies examining the relationship between clinical severity and haplotype background if a subset of children with a specific genetic background does not survive into adulthood.
In an effort to collect population-based data on trends and risk factors from persons with homozygous HbS born in the United States, the Centers for Disease Control and Prevention (CDC) funded follow-up studies of newborns with sickle cell disease through the universal newborn screening programs in California, Illinois, and New York. 30 During the study period, 1992 through 1993, the three states included in this study represented approximately 20% of all infants born to blacks in the United States. 31 We report here the only population-based study for ␤-globin gene haplotypes in the United States for persons with homozygous HbS ascertained in a nonclinic setting. These results provide the groundwork for studies determining the contribution of haplotype background to clinical severity. These results also provide an opportunity to describe admixture in the United States with respect to the HbS mutation.
METHODS

Study population
Children with sickle cell disease (N ϭ 1,042) were identified through newborn screening programs in California (n ϭ 265), Illinois (n ϭ 254), and New York (n ϭ 523) between January 1, 1992, and December 31, 1993. 30 A family survey designed to collect demographic variables and risk factors for complications was administered by telephone. The survey was intended for families of all children in the cohort; however, many families could not be located and only a small proportion (n ϭ 252; 24%) could be contacted for the survey. In addition to the family survey, a questionnaire designed for physicians was mailed to the child's last known hematologist or health care provider. A larger proportion of physician questionnaires were returned (n ϭ 752; 72%). This study was approved by the institutional review boards of the CDC and the individual state health departments of California, Illinois, and New York.
Genotyping methods
Specimens were coded by personnel at each state site and delivered to the Wadsworth Center, Biggs Laboratory. DNA extraction was carried out as previously described. 32 Specimens were punched with a 1-mm hand-held punch that was sterilized with ethanol flame between punches. One hundred microliters of methanol was added to each sample, and the specimens were allowed to air-dry overnight in a fume hood. After fixation, samples were hydrated in 25 L of sterile, distilled water and placed into a boiling water bath for 10 minutes. Polymerase chain reaction (PCR) racks were cooled to room temperature and centrifuged for 3 minutes at 1,200 ϫ g before PCR setup. Four of the five restriction fragment length polymorphisms (RFLPs) were detected in two multiplex reactions. The fifth RFLP was detected as a single reaction. Polymorphisms at the XmnI restriction site in the G␥ region and the HinfI RFLP 5' of the ␤-globin gene were multiplexed using the following PCR primers: SC0A 5'AAA ATT GGA ATG ACT GAA TCG GAA CAA GGC AAA G3'; SC1A 5'TAT TGA TAA CCT CAG ACG TTC CAG AAG CGA GTG TG3' (308 bp for G␥ ); SC9X 5'GCG GTC CCA AAA GGG TCA GTC TAC GCT GAC CTC ATA AAT G3'; SC10X 5'GCG GTC CCA AAA GGG TCA GTC TAA TCT GCA AGA GTG TCT3' (424 bp for 5'␤). Polymorphisms at the HincII sites in the ␤ region and the 5'␦ region were also multiplexed using the following PCR primers: SC5X 5'5'GCG GTC CCA AAA GGG TCA GTG AAC AGA AGT TGA GAT AGA GA3'; SC6X 5'GCG GTC CCA AAA GGG TCA GTA CTC AGT GGT CTT GTG GGC T3' (700 bp for ␤); SC7X 5'GCG GTC CCA AAA GGG TCA GTT CTG CAT TTG ACT CTG TTA GC3'; SC8X 5'GCG GTC CCA AAA GGG TCA GTG GAC CCT AAC TGA TAT AAC TA3' (613 bp for 5'␦). The HindIII polymorphism in the G␥ region also was amplified using SC2 5'AAG TGT GGA GTG TGC ACA TGA3' and SC3 5'TGC TGC TAA TGC TTC ATT ACA A3' (781 bp). Amplification for the XmnI/HinfI RFLPs were carried out in a 50-L volume containing 10 mM Tris-HCl, pH 8.8; 50 mM KCl; 200 M each dATP, dTTP, dCTP, and dGTP; 2.5 mM MgCl 2 ; and 2.5 U Taq DNA polymerase, 16:1 molar ratio Taq Start Antibody (Clontech, Palo Alto, CA):Taq polymerase, 0.5 M each primer, and 25 L of the DNA extract. Conditions for the other polymorphisms were the same except that 2.0 mM MgCl 2 was used in the HincII and HindIII reactions. Finally, buffer for the HindIII reaction was pH 8.3. All samples were heat denatured at 95°C for 5 minutes followed by 35 cycles at 95°C for 30 seconds, 55°C for 30 seconds, and 72°C for 30 seconds (PE9600). A final elongation step was carried out for 5 minutes at 72°C.
Samples were also genotyped to identify the presence of the HbS allele in both chromosomes using primers TB1 5'GCG GTC CCA AAA GGG TCA GTT CCT AAG CCA GTG CCA GAA G3'and PC04 5'GCG GTC CCA AAA GGG TCA GTC AAC TTC ATC CAC GTT CAC C3'. Amplification was carried out in a 50-L volume containing 10 mM Tris-HCl, pH 8. (10 U), HindIII (20 U), and DdeI (2.4 U) for the HbS typing per manufacturer's recommendations. All enzymes were purchased from New England Biolabs (Beverly, MA) except HincII (Promega Corporation, Madison, WI). Digestion products were electrophoresed on a 2% NuSieve:1% LE agarose gel (BioWhittaker, Inc., Rockland, ME) and made visible by the use of ethidium bromide staining.
Statistical methods
Allele frequencies at individual RFLPs were estimated by gene counting. Haplotype distributions were compared using the software StatXact 3.0 (Cytel Software Corporation, Cambridge, MA) or Statistical Analysis Battery for Epidemiologic Research (SABER) version 1.96. 33 Specifically, the distribution of haplotypes identified in this cohort was examined in two ways. First, the number of haplotypes among chromosomes was determined in each population. Because each person has a maternal and paternal chromosome, 11 each person will have two haplotypes counted in this analysis. Second, the number of haplotype combinations identified within each person was determined. In this count, only one haplotype combination can be identified per person. These approaches to describing the haplotype distribution are analogous to examining the allele distribution (p and q) and the genotype distribution (p, 2 2pq, q 2 ), respectively, of a biallelic marker in the same population. We tested for possible differences between distributions by a 2 test or Fisher exact, as indicated in the text. Haplotypes other than BEN, CAM, CAR, SEN, and SAUDI were considered minor and classified as "Other" for allele and haplotype distribution comparisons. Expected heterozygosities (H) were estimated as n(1 Ϫ ⌺ p i 2 )/(n Ϫ 1), where p i represents the frequency of the ith allele or haplotype and n is the sample size. Standard errors were calculated as [(1 Ϫ H)H/n], 1/2 where H is the expected heterozygosity and n is the sample size. Differences between observed and expected heterozygosities were determined by performing a 2 test. Genotypes that could not be ordered for haplotypes were excluded from haplotype heterozygosity counts and calculations, but were included as "Other" for simple haplotype counts in Tables 1 and 2 .
RESULTS
Among the 1,042 newborns identified with sickle cell disease through newborn screening programs, 617 (60%) were determined to be homozygous (HbSS) for the sickle hemoglobin mutation. Stored blood spots were genotyped successfully for the markers used to determine ␤-globin haplotypes for 430 (70%) of the newborns with HbSS, with 244 (57%) from New York, 124 (29%) from California, and 62 (14%) from Illinois. Of the 187 samples that failed to yield genotype information, 90 (48%) were from Illinois, 81 (43%) were from New York, and 16 (9%) were from California.
To determine race/ethnicity of the 430 newborns with genotype information, responses to the race/ethnic background question in the parental interview were used. For newborns identified with sickle cell disease whose parents did not complete a parental survey, race/ethnicity was abstracted from newborn screening program demographic information supplemented by additional information from the sickle cell disease registry in California and pediatric hematologists in Illinois. Most newborns with genotype information were black, not of Hispanic origin (n ϭ 371; 86.3%) and Hispanic (n ϭ 32; 7.4%). The remaining newborns were reported to be of mixed race/ethnicity or Other (n ϭ 7), Asian or Pacific Islander (n ϭ 1), and white, not of Hispanic origin (n ϭ 1). We were unable to determine race/ethnicity for 18 (4.2%) newborns with haplotype information. Of the 187 samples that did not yield genotype information, 164 had information on race/ethnicity of the newborn. The distribution of race/ethnicity of the samples that failed to yield genotype information did not differ from the samples with haplotype information (data not shown).
␤-Globin haplotypes were determined by genotyping five RFLPs within the ␤-globin gene cluster (Fig. 1) . The haplotype distribution did not differ among chromosomes from the three different states (data not shown); therefore, all three states were combined for subsequent analyses. Among chromosomes from the black population (n ϭ 742), the BEN haplotype was the most frequent (63%), followed by the CAR and SEN haplotypes (14% and 9%, respectively; Table 1 ). Some chromosomes from the black population (6%) had minor haplotypes (n ϭ 38) or genotypes whose order could not be determined (n ϭ 6). The distribution of haplotypes among chromosomes from black females did not differ from the distribution among chromosomes from black males ( 2 5 ϭ 8.16, P Ͼ 0.05; Table 1 ). Also, within the black population, the overall distribution of haplotype combinations did not differ when stratified by sex (Fisher exact, P Ͼ 0.05; Table 2 ). In total, at least 16 distinct haplotypes were identified among chromosomes, and 28 haplotype combinations were identified among the black population (Tables 1, 2, and 3) .
Compared with the chromosomes from blacks, chromosomes from the Hispanic population (n ϭ 64) had a slightly different distribution of ␤-globin haplotypes. The BEN haplotype was the most common haplotype among chromosomes from the Hispanic population, as was observed among chromosomes from the black population. The proportion of CAR haplotypes and CAM haplotypes was higher among the Hispanic population than the black population (28% and 8%, respectively), and the proportion of SEN haplotypes was lower (6%) in the Hispanic population (Table 1) . However, these differences were not statistically significant (Fisher exact, P Ͼ 0.05). Unlike the black population, the distribution of haplotypes among chromosomes from the Hispanic population differed slightly by sex, with a higher frequency of the BEN haplotype and a lower frequency of the CAR haplotype among chromosomes from Hispanic females when compared with chromosomes from Hispanic males (Fisher exact, P ϭ 0.04; 
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September/October 2002 ⅐ Vol. 4 ⅐ No. 5 Table 1 ). Examination of a larger cohort of Hispanics will be needed to determine whether this difference is real or a consequence of a small sample size. Although Hispanic females had a higher frequency of homozygous BEN haplotypes and no homozygous CAR haplotypes compared with Hispanic males, the overall distribution of haplotype combinations between males and females did not differ (Fisher exact, P Ͼ 0.05; Table  2 ). In total, six distinct haplotypes were identified among chromosomes (Table 1 ) and 10 haplotype combinations were identified among the Hispanic population (Tables 2 and 3 ). All haplotypes identified among chromosomes from the Hispanic population were also identified among chromosomes from the black population, suggesting that the haplotypes identified among Hispanics in this study population are of African origin.
Among other racial/ethnic groups, the following haplotype combinations were identified: BEN/BEN (Asian or Pacific Islander, n ϭ 1; Other, n ϭ 1), BEN/CAM (Other, n ϭ 1), BEN/ CAR (Other, n ϭ 2), BEN/Other (Caucasian, n ϭ 1), CAR/ CAR (Other, n ϭ 2), and CAR/SEN (Other, n ϭ 1). For newborns whose race/ethnicity could not be determined, the BEN/BEN (n ϭ 7), BEN/CAM (n ϭ 1), BEN/CAR (n ϭ 3), BEN/Other (n ϭ 1), BEN/SEN (n ϭ 1), CAM/Other (n ϭ 1), CAR/CAR (n ϭ 3), and SEN/Other (n ϭ 1) haplotype combinations were identified. All of the identified haplotypes, including the minor haplotypes, were also found among chromosomes from the black population. For the entire cohort, the following haplotype combinations were not identified in any racial/ethnic group: CAM/CAM, SEN/SEN, SEN/SAUDI, and SAUDI/SAUDI. It is interesting that the minor haplotype Ϫ, 
CAR (5) SEN (1)
CAR (1) SAUDI (1) Other (2)
Symbols: ϩ, cut; Ϫ, uncut. a Homozygous for the minor haplotype (n ϭ 2).
ϩ, ϩ, ϩ, ϩ found among blacks is paired exclusively with the SEN haplotype, which is one RFLP (XmnI) shy of the homozygous SEN/SEN haplotype (Table 3) . A recent study of the ␤-globin gene cluster variation demonstrated that the balancing selection experienced in this region does not disturb the Hardy-Weinberg equilibrium pattern. 9 Therefore, to further describe ␤-globin gene cluster variation in our cohort, we determined the observed heterozygosity of the individual RFLPs and haplotypes and compared these data with the calculated expected heterozygosities (see "Statistical methods"). For both blacks and Hispanics, the observed heterozygosity at each of the five RFLPs did not differ from the expected heterozygosity (Table 4) . Similarly, the observed haplotype heterozygosity for blacks (0.527) and Hispanics (0.563) did not differ from the calculated expected heterozygosities (0.574, SE ϭ 0.026 and 0.582, SE ϭ 0.062, respectively). The Hispanic population had a higher observed heterozygosity at two of the five RFLPs, HindIII G␥ and HincII ␦, when compared with the black population (Table 4) . Also, the Hispanic population had a slightly higher observed haplotype heterozygosity or higher rate of haplotype combinations (0.563) compared with the black population (0.527).
DISCUSSION
We present here the only population-based description of ␤-globin gene cluster haplotypes in the United States. The estimated frequency of ␤-globin haplotypes among chromosomes from the black population is similar to that reported in a recent review of 456 chromosomes from blacks surveyed in the United States. 34 To our knowledge, the estimated frequency of ␤-globin haplotypes among chromosomes from Hispanics is the only available description for Hispanics born in the United States. Compared with available estimates of Central/South American and Caribbean ␤-globin haplotype diversity, the distribution of haplotypes in this Hispanic population is similar to that described for Venezuela 35 and Cuba, 36 but different from that described for Jamaica, 6, 7, 34 Guadeloupe, 37 Colombia, 38 and Brazil. 39 As expected, the black population reported here had more distinct haplotypes and haplotype combinations than the Hispanic population. However, the Hispanic population reported here demonstrated a higher RFLP heterozygosity at HindIII G␥ and HincII ␦ and a higher overall haplotype heterozygosity than the black population (Table 4) . This result was unexpected because population surveys of other nuclear RFLPs demonstrate that African-derived populations typically have higher levels of diversity than non-African populations. 40 -42 Natural selection is presumed to disrupt this pattern observed among populations, as suggested at the phenylalanine hydroxylase (PAH) locus 43 and at the aldehyde dehydrogenase 2 (ALDH2) locus. 44 A second force that could disrupt the typical pattern of diversity across populations is admixture. Indeed, the population of Hispanics born in the United States is a mixture of many nationalities, including persons from Mexico, Puerto Rico, Central America, South America, and the Caribbean. Also, the contribution of each nation is rapidly changing as the profile of immigrants living in the United States evolves. 45 Estimates of African contribution to the Hispanic population differ depending on the origin of the population. For example, the contemporary gene pool for Mexicans is estimated to be 8% African, 31% Native American, and 61% Spanish-derived, whereas the corresponding estimates for Puerto Ricans are 37%, 18%, and 45% and for Cubans, 20%, 18%, and 62%, respectively. 46 Although the origin of Hispanic populations differs among states (e.g., predominantly Mexican in California and Puerto Rican in New York 47 ), the demographic information available for this study did not explore the nation of origin of the Hispanic population reported here. The higher diversity observed in this Hispanic population compared with this black population may be caused by admixture or the inappropriate grouping of persons of unknown Hispanic origin.
The main strength of these results is that they represent an analysis of an unselected, population-based cohort. The advantage of this study design is that it uses data that represent an unbiased sample of ␤-globin gene cluster variation in the three states studied. This feat was achieved through the use of universal newborn screening programs established to identify newborns affected by hemoglobinopathies. 2 Also, this study was possible because the blood spots used for the initial screening were stored and could be retrieved for further genotyping of the ␤-globin gene cluster. 48 Stored blood spots allow investigators to perform large, population-based genetic studies for specific loci; however, they also have disadvantages. One potential disadvantage for some studies is that the prevalence and distribution of genotypes obtained from the samples is derived from a cohort of newborns, which may not necessarily be identical with the prevalence and distribution derived from a cohort of adults. For the HbS mutation, the distribution of ␤-globin cluster haplotypes differed between children and adults Population-based ␤-globin haplotypes
in a Cuban population, 36 suggesting newborns with haplotypes associated with severe complications may not live to adulthood. Although the data from that study have not been replicated, 35, 37, 38 investigators should note that the prevalence of genotypes determined from blood spots could be limited to a newborn population, depending on the disorder being studied. A second potential problem related to the use of blood spots is that each spot represents a diploid genome. For large-scale genetic studies involving several loci, genotypes must be ordered to construct haplotypes. In this study, a small proportion (1.4%) of the genotypes could not be ordered through inference and were discarded from subsequent analyses. Typically, ambiguous genotypes are ordered by ascertaining and genotyping several generations in a pedigree. Alternatively, molecular techniques, such as somatic cell hybrids 49 and allele-specific polymerase chain reaction (AS-PCR), 50 can be used to order genotypes. Both the pedigree approach and these alternative molecular approaches are expensive and time-consuming for studies with large sample sizes. Also, alternative molecular approaches may not be compatible with the type of sample obtained for the study. For the pedigree approach, ascertainment of additional family members of newborns for a population-based study may be difficult because families are often lost to tracking or are unwilling to participate in follow-up studies. Thus the use of stored blood spots from newborns may be limited to certain studies.
Finally, the extent to which blood spots may be stored and used for research is not yet clear. Many ethical, legal, and social issues surrounding the use of dried blood spots in a research setting, including linkage of the spots to personal information, are still being debated and are not fully resolved. 51 While the debate continues over the research uses, analysis of stored blood spots has been useful to address issues of public health importance. For example, investigators have used stored blood spots to test new technologies for newborn screening such as tandem mass spectrometry 52, 53 and to determine populationbased genotype frequencies of loci of interest. 54 -56 The need for this type of repository will not diminish because technology is constantly evolving.
In conclusion, these data provide an unbiased estimate of ␤-globin haplotype diversity in the United States. The data also highlight the utility of stored blood spots for large, populationbased genetic studies. Although participation rates and tracking hinder follow-up studies, these data coupled with clinical outcomes could enlighten the role ␤-globin haplotype diversity plays in predicting clinical severity among persons with homozygous HbS.
